Kaolin deposits are among the world's most important and useful industrial materials. In southwestern Sinai, kaolin occurs interbedded with sandstones in east and northeast Abu Zenima area and in southern
INTRODUCTION
Kaolin resources are among the world's most important raw materials for extensive industrial applications. Egypt has large economic reserves of kaolin in many localities, such as in Sinai, Gulf of Suez coast and Kalabsha near Aswan. This paper focuses on the natural radioactivity of kaolin resources of different stratigraphic setting in Sinai. The kaolin deposits of east Abu Zenima area, are mainly interbedded within sandstones of Carboniferous (Weissbrod, 1969) and Cretaceous age (AbuZeid, 2008) . These deposits have attracted the attention of many geologists for many years; first because of their fairly good quality and ease of accessibility and second because of the assured great reserves in a number of localities (Boulis and Attia, 1994) . The kaolin of Wadi El Khaboba that enclosed within the sandstone of Abu Thora Formation has been chosen as representative of the Lower Carboniferous deposits whereas those in Wadi El Iseila and Wadi Abansakar are enclosed within the Lower Cretaceous Malha Sandstone.
The distribution of the naturally occurring radionuclides mainly uranium ( 238 U), thorium ( 232 Th), potassium ( 40 K) and other radioactive elements, depends on the distribution of rocks from which they originate and the processes which concentrate them. Exposure to ionizing radiation from natural sources is a continuous and unavoidable feature of life on earth. The environmental radiation is composed of the natural radiation, found in the ground, plus the cosmic radiation together with the contribution to the background radiation from nuclear tests and accidents which, eventually, will come down to the ground level. Environmental background radiation varies considerably due to local geological features and at-88 AHMED M. EL-KAMMAR et al. mospheric conditions. The radiation dose to the population is from indoor exposure, since people spend most of their time indoors and almost all building materials are radioactive to some degree. The indoor absorbed dose rate varies depending on the type of dwelling, age and the materials used for construction, and location (UNSCEAR, 2000) .
GEOLOGIC SETTING
The areas under investigation, Wadi El Iseila, Wadi Abansakar and Wadi El Khaboba are located at southwestern Sinai (Fig.1 ). They are bound by longitudes 33⁰11' 5''and 33⁰ 15' 00'' E and latitudes 29⁰ 04' 30'' and 29⁰ 12' 00''N. The studied area at Wadi El Khaboba (Fig. 2) is located between latitudes 29º 04'30''and 29º 05'04'' N, and longitudes 33º 13' 20'' and 33º 15' 00''E. The Lower Cretaceous sedimentary kaolin of Wadi El Iseila and Wadi Abansakar are belonging to the Malha Formation in north and NE of Abu Zenima and cover an area of 25 km 2 between latitudes 29º 09'51'' and 29º 11' 11'' N and longitudes 33º 11'52'' and 33º 12'56'' E (Fig. 3) .
Wadi El Iseila and Wadi Abansakar areas are geomorphologically located on a head stream, namely; Wadi El Iseila which is running along the NNE-SSW trend separating Gebel El Iseila to the east and Gebel Abu Ediemat to the west. At Wadi El Khaboba, the upper clay intercalation of the lower sandy clay member of the Carboniferous Abu Thora Formation consists of two kaolin lenses, which strike N 47⁰ W-S47⁰E and dip about 20⁰ to NE.
The Carboniferous kaolin deposits in Wadi El Khaboba occur within the Abu Thora Formation (Fig.4) , which represents the upper sandstone series of Carboniferous age. Kaolin occurs in the form of two flat, separated lenses with thickness of 2-2.5 m and interbedded within sandstone beds. The kaolin of the lower lens is soft and of grey shades, while that of the upper lens is hard and lighter in color. The harder and lighter colored nature of the upper 
89
RADIOACTIVITY AND ENVIRONMENTAL IMPACTS OF SOME kaolin lens is due to relative enrichment in siltsize quartz fragments (up to 7-10%), with few clusters of very fine sand size. Staining by iron oxy-hydroxides occurs mostly as disseminated spots and enclaves but preferentially concentrate along the bedding planes. The exposed whitish-grey kaolin surfaces, at the upper kaolin lens, are generally polished with development of smooth striation as result of sliding of overlying blocks or presence of shear zone (fault) trending N-15-W and dip 50º.
Kaolin lenses and their hosting sandstone beds are barren of any mega-fossils. Variation in color of kaolin deposit in both lower and upper lenses from grey to red and yellow is controlled by ferrugination, which is best observed particularly in the upper part of the lower lens. The author believes that the coarsegrained porous nature of the sandstone beds of Abu Thora Formation that host the kaolin lenses maintains free infiltration of the ferrugination fluids, where iron oxy-hydroxides precipitate particularly along weak lamination, fractures and bedding planes of the impermeable kaolin. However, the ferrugination in the upper kaolin lens can be observed on a smaller scale as red pigment along bedding plane of twice, 1000 seconds each, and the average of the gross counts was taken. This radiometric analysis was done in the Nuclear Material Authority in Cairo. The obtained data are listed in Table ( 2).
MINERALOGICAL AND GEOCHEMICAL CONSIDERATIONS
The X-ray diffraction analysis of oriented, heated and glycolated clay mounts of the studied Carboniferous and Cretaceous kaolin deposits suggests that kaolinite, as a main constituent, is sometimes associated with subsidiary dickite and halloysite, but minor contribution of smectite and illite has also been detected in some samples. The most dominant non-clay mineral is quartz, besides minor gypsum and dolomite, in addition to weak diffractions that can be attributed to hematite. The SEM examination confirms the presence of detrital zircon and monazite in some samples.
In average, the Carboniferous kaolin deposits of Wadi El Khaboba are characterized by higher contents of SiO 2 , MgO, Na 2 O and K 2 O, but lower Al 2 O 3 , TiO 2 , Fe 2 O 3 , CaO and P 2 O 5 , relative to those of the Cretaceous age of Iseila and Abansakar areas (Table 1) . Generally, the high Al 2 O 3 /SiO 2 ratio for the Cretaceous kaolin (0.54, in average but up to 0.88) specifies its better grade relative to the Carboniferous kaolin (0.43, in average).
The Carboniferous kaolin is diagnostically enriched in Rb, V and the naturally occurring radionuclides (U and Th). The Th/U ratio increases from 3.05 for the Carboniferous kaolin to 4.07 for the Cretaceous deposits, possibly as a result of relative removal of U from the latter during the pluvial periods. Details on the distribution and equilibrium of the radionuclides are given hereafter. The Carboniferous kaolin deposits are relatively enriched in REE (370 ppm) relative to the Cretaceous ones (288 ppm), however, the PAAS-normalized pattern of the latter show relative preponderance of the HREE over the LREE (Fig. 5 ).
kaolin.
According to Abdallah et al., (1963) , the kaolin deposits of Wadi El Iseila and Wadi Abansakar areas interbeded the lower Cretaceous sandstone of Malha Formation (Fig.4) . They stated that the basal Malha Formation that hosts the Cretaceous kaolin deposits in Sinai is composed predominantly of grey, ferruginous cross bedded sandstones with few interbeds of green silty shale and calcareous sandstones. Generally, the study lower Cretaceous deposits include higher percentage of quartz fragments, of silt and fine sand-sizes, than the Carboniferous kaolin deposit at Wadi El Khaboba.
EXPERIMENTAL WORK
The studied kaolin deposits whether of Carboniferous or Cretaceous were examined petrographically and analyzed X-ray diffraction (XRD) analysis to identify the mineral composition in general and the clay mineralogy in particular. The geochemical analysis of the major oxides and trace elements was done by the inductively coupled plasma-mass spectrometry (ICP-MS) in the ACME Lab of Vancouver in Canada. The summary of the descriptive statistics of the chemical analysis data of both Carboniferous and Cretaceous kaolin deposits are quote in Table (1) . Twenty three samples were prepared for measuring their contents of U, Th, Ra and K by crushed and ground to about 1mm particle size then kept in a cylindrical plastic container (9.5cm in diameter and 3cm high) which contained about 200ml of the sample. The container was sealed well and left for 28 days to accumulate free radon to attain radioactive equilibrium. The instrument used consists of a bicorn-scintillation detector from NaI (Tl), 76x76mm, with amplifier model NE-4658, and a high voltage power supply model TC-952. Nucleus PCA-8000 computer-based 8192 multichannel analyzer color graphical display Epson LX-80 printer was used. Each sample was measured 91 RADIOACTIVITY AND ENVIRONMENTAL IMPACTS OF SOME The average Th/U ratio for Wadi El Khaboba kaolin 3.8 which is quiet similar to those quoted for the Upper Continental Crust by McLennan and Taylor (1980; 1991) , and Rudnick and Gao (2004) . However, the high Th/U ratio of the studied kaolin could result from a preferential sorption of the ''immobile'' Th on clay minerals (mostly kaolin), or from a loss of U (as UO 2 2+ and/or complexes) relative to Th (De Putter et al., 1999; 2002) .
The U-content and Th/U ratio in sedimentary rocks are generally used to deduce the conditions under which the highly anomalous mineralized or uraniferous types were formed (Adams and Weaver, 1958) . Therefore, three types of sediments are differentiated according to their Th/U ratio:
T h e first type includes sediments of Th/U ratio ranging between 0.012 and 0.81. These sediments are developed under conditions where uranium was removed from its source and fixed in the sediments with continuous recharge.
ii) T h e second type of sediments has Th/U ratio varying between 1.47 and 1.49. They are characterized by their relatively high Th-content due to slightly more scavenging of U-content because of continuous leaching and recharging.
iii) T h e third type of sediments, exhibits Th/U ratio ranging between 1.49 and 5.47. These sediments reflect the poor weathering and rapid deposition of rock detritus. This type is dominant in detrital radioactive minerals such as xenotime, samarskite, thorite and euxenite usually dominate them.
The obtained data indicate that the eTh/ eU ratio of Wadi El Khaboba, Wadi El Iseila and Wadi Abansakar are high and related to the third group reflecting their relatively low uranium content in some samples. The eUeTh variation diagram (Fig.6) confirms these results where most of the samples fall in the field of eTh/eU ≥ 2.
Distribution of the Radioactive Nuclides
The radiometric measurements were conducted on a total of 21 kaolin samples, representing El Khaboba (7 samples), El Iseila (13 samples), and Abansakar (1 sample). The concentration of eU, eTh, RaeU and K radioactive nuclides, in addition to the calculated eTh/eU, eU/RaeU and Uch/eU ratios in the kaolin samples are listed in Table ( 2).
It is evident that the Carboniferous kaolin resources of Wadi El Khaboba have higher uranium, thorium, radium equivalent uranium and potassium contents relative to the Cretaceous resources of Wadi El Iseila and Wadi Abansakar. The eU-content in the former ranges between 5 and 18 ppm, averaging 8 ppm, while the content of eTh ranges between 9 and 51 with an average of 29 ppm. Average content of radium equivalent uranium and potassium are 11.4 ppm and 1.9 %, respectively. In contrary, the Cretaceous kaolin of Wadi El Iseila has the lowest eU, eTh, RaeU and K contents where eU ranges between 2 and 8 ppm, averaging 4.9ppm, eTh ranges between 9 and 24 ppm, averaging18 ppm, Ra (eU) ranges between 6 and 11 ppm, averaging 7.9 ppm and K ranges between 1.15 and 2.24 %, averaging1.75 % ( Table 2) . 
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RADIOACTIVITY AND ENVIRONMENTAL IMPACTS OF SOME i) Measurement of uranium content in the rocks or ores using chemical techniques, where uranium is expressed as (Uc) as well as radiometric analysis, where uranium is expressed as Ur. The equilibrium ratio (ER) is given as ER= Uc/Ur (Hansink, 1976) . The equilibrium is attained if ER= 1, otherwise disequilibrium is predominant.
ii) Measurement of both the equivalent uranium (eU) and radium (RaeU) concentrations (in ppm) radiometrically. The equilibrium factor (P) is given as P = eU/RaeU (El Galy et al., 2008 (Cochran, 1992) . The equilibrium is achieved if the activity ratio between the parent/daughter or between daughter/daughter is equal to unity.
In the present study, the radioactive equilibrium/ disequilibrium states of the investigated kaolin deposits are discussed through the equilibrium factor (P), i.e. P = eU/RaeU, and ER, i.e ER= Uc/Ur. The obtained results indicate that in the equilibrium factor in most samples is less than unity (Fig. 7) . This reflects a state of radioactive disequilibrium due to leaching of eU relative to RaeU. This is also the case of ER factor in Wadi El Khaboba kaolin. On the other hand, the ER factor of Wadi El Iseila kaolin is higher than unity suggesting disequilibrium as a result of uranium enrichment. This is probably attributed to recent addition of U during the pluvial periods. It could be concluded that the latest enrichment of U in the studied sediments took place within the last 1.5 Ma as there was no enough time to restore equilibrium.
Radioactive Equilibrium/Disequilibrium
The study of radioactive equilibrium/ disequilibrium is considered an essential part of the radiometric investigations of uranium ore deposits and U-bearing rocks. It sheds some lights on the surface weathering, alteration and movement of uranium by groundwater. It also helps to explain the isotopic variation of some radioactive nuclides and consequently can be used as a tool for U-exploration processes. The equilibrium state means a closed system (for physical and chemical exchanges of the radionuclides) with the surrounding environments whereas disequilibrium indicates an open system, i.e., the radioactive nuclides may migrate out from their parents. The liberated radionuclides can be accumulated through several chemical and geological processes, including; chemical weathering, precipitation of minerals from aqueous solutions by biological and inorganic processes, adsorption on suspended clay minerals, etc.
In recent years, the radioactive equilibrium/ disequilibrium study has been applied on different geological processes during Quaternary such as sedimentation in marine and continental environments (Burnett and Veeh, 1992) , soil formation and evolution (Mathieu et al., 1995) , and in dating sedimentary and volcanic rocks younger than 300,000 years (Ivanovich RADIOACTIVITY AND ENVIRONMENTAL IMPACTS OF SOME for Radiological Protection (Malczewski et al., 2004 
Annual effective dose equivalent (AEDE)
The annual effective dose equivalent (AEDE) was calculated from the absorbed dose by applying the dose conversion factor of 0.7 Sv/Gy and the outdoor occupancy factor of 0.2 (UNSCEAR, 2000 (UNSCEAR, , r gün et al., 2007 . Furthermore, the average values of the annual effective dose for all kaolin samples are also listed in Table ( 
Radium equivalent activity (Ra eq )
The radium equivalent activity for the samples was calculated. According to Tufail,et al., (1992) , the exposure to radiation can be defined in terms of the radium equivalent activity (Ra eq ), which can be expressed by the following equation:
where, A U , A Th and A K are the specific activities of U, Th and K, respectively, in Bq/kg.
The range and the mean values of Ra eq of kaolin samples are presented in Table 3 . The , except for some samples from Wadi El Khaboba (Table 3) .
Activity Concentrations

External and internal hazard index (H ex and H in )
To limit the annual external gamma-ray dose (Saito and Jacob, 1995; Saito et al., 1998; UNSCEAR, 2000) to 1.5 Gy for the samples under investigation, the external hazard index (H ex ) is given by the following equation:
The internal exposure to 222 Rn and its radioactive progeny is controlled by the internal hazard index (H in ), which is given by Nada (2003) : (4) These indices must be less than unity in order to keep the radiation hazard insignificant (Lakehal, et al., 2010 and Baykara et al., 2010) .
The value of this index must be less than unity for the radiation hazard to be negligible, i.e. the radiation exposure due to radioactivity in construction materials must be limited to 1.5 mSv y
_1
. The values of the external hazard (H ex ) for the studied kaolin of Wadi El Isila are less than unity which agrees with the recommended values. In contrast, the values of the internal hazard indices (H in ) for Wadi El Khaboba samples are higher than unity indicating their kaolin cannot be used as building or decorative material of dwelling.
Activity concentration index (Iγ)
Another radiation hazard index, known as the representative level index, Iγ (NEA-OECD, 1979 ) is defined as follows:
Where, A U , A Th and A K are the activity concentrations of 238 U,
232
Th and 40 K, respectively in Bq/ kg (Abbady, et al., 2005) . The safety value for this index is ≤ 1 (El Galy, et al., 2008; El Aassy, et al., 2012) . Table 3 shows the mean values of the gamma-index (Iγ) kaolin samples are 1.36 and 2.22 for Wadi El Iseila and Wadi El Khaboba , respectively, which are higher dose criterion (0.3 mSv/y) and correspond to an activity concentration index of 2≤ Iγ≤6 proposed by EC (1999) for materials used in bulk construction.
Contribution of
238
U,
232
Th and 40 K radionuclides for the absorbed dose rate within the studied rocks are plotted on Fig.(8) . It is evident that
40
K plays the main and most important role in the dose rate contribution. 
